Stromal interaction molecules (STIM)s function as endoplasmic reticulum calcium (Ca 2þ ) sensors that differentially regulate plasma membrane Ca 2þ release activated Ca 2þ channels in various cells. To probe the structural basis for the functional differences between STIM1 and STIM2 we engineered a series of EF-hand and sterile α motif (SAM) domain (EF-SAM) chimeras, demonstrating that the STIM1 Ca 2þ -binding EF-hand and the STIM2 SAM domain are major contributors to the autoinhibition of oligomerization in each respective isoform. Our nuclear magnetic resonance (NMR) derived STIM2 EF-SAM structure provides a rationale for an augmented stability, which involves a 54°pivot in the EF-hand:SAM domain orientation permissible by an expanded nonpolar cleft, ionic interactions, and an enhanced hydrophobic SAM core, unique to STIM2. Live cells expressing "super-unstable" or "super-stable" STIM1/ STIM2 EF-SAM chimeras in the full-length context show a remarkable correlation with the in vitro data. Together, our data suggest that divergent Ca 2þ -and SAM-dependent stabilization of the EF-SAM fold contributes to the disparate regulation of store-operated Ca 2þ entry by STIM1 and STIM2.
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NMR structure | protein stability | STIM2 | store-operated calcium entry T ogether, stromal interaction molecules (STIM) and Orai proteins are the major components of store-operated Ca 2þ entry (SOCE) where endoplasmic reticulum (ER) Ca 2þ store depletion leads to an open plasma membrane (PM) Ca 2þ release activated Ca 2þ (CRAC) channel configuration, vital to myriad Ca 2þ -signaled cellular functions (1) . STIMs are type I, predominantly ER-localized transmembrane proteins that function as Ca 2þ sensors through luminal EF-hand and SAM domains (2) (3) (4) (5) and activators of Orai-composed CRAC channels (6-11) through putative cytosolic coiled-coil domains (12) (13) (14) (15) (16) (17) (Fig. 1A) . SOCE initiation occurs upon Ca 2þ -depletion dependent STIM oligomerization (18, 19) . Cytosolic CRAC influx ensues after translocation of these multimers to ER-PM junctions inducing recruitment of Orai to the same sites (20) (21) (22) . Vertebrates translate two STIM isoforms that despite high amino acid conservation (Fig. S1 ) are distinct in Ca 2þ sensitivity and roles in SOCE. STIM1 is vital in stimulus-induced CRAC entry (2-4), while STIM2 is imperative in intracellular Ca 2þ homeostasis (23, 24) . Both STIM1 and STIM2 are requisite in CRAC-induced immune cell activation, notwithstanding a lesser effect of STIM2 knockout (−∕−) on measureable SOCE compared to STIM1 (−∕−) in T-cells and fibroblasts (24, 25) . STIM2 is partially active at resting ER Ca 2þ concentrations, resulting in both store-dependent and-independent modes of CRAC channel activation (26) . STIM2 plays an important role in neuronal Ca 2þ signaling, although both isoforms have been identified in a variety of vertebrate cell types (27) . The EF-hand together with the SAM domains (i.e., EF-SAM)s in the luminal region of all STIMs are responsible for Ca 2þ sensing and initiating the molecular reorganization at ER-PM junctions responsible for SOCE (18, 19) .
In vitro, STIM2 EF-SAM exhibits distinct Ca 2þ -binding, folding, and stability characteristics compared to STIM1 (28, 29) . These differences are vital to the Ca 2þ -sensing function of STIMs as Ca 2þ dissociation, which occurs at different ER Ca 2þ levels for STIM1 vs. STIM2 (23, 24) , causes disruption of the EF-hand: SAM domain interaction and oligomerization of these luminal domains (19) . However, these in vitro data are insufficient to explain the precise mechanistic nature of STIM functional distinctions. Here, we engineered STIM1/STIM2 EF-SAM chimeric fusions to delineate the structural basis for the differences observed between the isoforms in vitro and in live cells. We created both "super-stable" and "super-unstable" chimeras which exhibited discrete Ca 2þ sensitivities and oligomerization properties in vitro and within the full-length STIM1 context. Using NMR spectroscopy, we solved the solution structure of human STIM2 EF-SAM to compare to our previously determined STIM1 structure and understand how this Ca 2þ -sensitive oligomerization switch region inimitably functions in vertebrates despite a very high sequence similarity (Fig. S1 ).
Results

STIM1/STIM2 EF-SAM Chimeras Have Distinct Biophysical Characteris-
tics In Vitro. The importance of the EF-SAM region in STIM1-mediated CRAC activation has been previously established by our (19) and other laboratories (18, 30, 31) . In vitro, STIM1 EF-SAM is markedly destabilized upon Ca 2þ -depletion, subsequently undergoing partial unfolding-coupled oligomerization (5, 19) . However, both STIM1 and STIM2 EF-SAM recombinant proteins have an inherent ability to oligomerize, albeit with STIM1 EF-SAM unfolding and oligomerizing considerably faster than STIM2 under similar solution conditions (28) . STIM1 EF-SAM has a somewhat higher Ca 2þ affinity than STIM2 (23) assessed by Ca 2þ -binding induced circular dichroic (CD) spectral changes (Fig. S2) , underscoring a role for other structural factors in the stability differences between the isoforms and the need for more detailed biophysical and structural analyses.
First, we used a motif swapping approach to identify the key determinants of EF-SAM stability. We defined three major motifs as swapping candidates based on our STIM1 EF-SAM structure (19) and the high sequence homology between STIM1 and STIM2: (i) the canonical EF-hand, (ii) the noncanonical EF-hand, and (iii) the SAM domain. Subsequently, we engineered all combinations of STIM1/STIM2 EF-SAM chimeras into pET-28a vectors (Fig. 1B) . Protein was attainable from every construct except ES221 (i.e., STIM2 canonical EF-hand motif and STIM2 noncanonical EF-hand motif fused to the STIM1 SAM domain) which showed no detectable expression using Author contributions: L.Z., P.B.S., C.R., and M.I. designed research; L.Z., P.B.S., R.S., and G.-Y.L. performed research; L.Z., P.B.S., R.S., and C.R. analyzed data; and P.B.S. and M.I. wrote the paper.
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Escherichia coli cells, deficient in OmpT and lon proteases. ES221 did not appear to be sequestered in inclusions, because extraction using guanidine yielded no protein. Codon usage within each delineated motif and expression conditions were maintained from wild-type (i.e., induction with 0.5 mM IPTG at 25°C), suggesting a greater instability and susceptibility to other E. coli proteases compared to the remaining chimeras.
Remarkably, each EF-SAM chimera that expressed in E. coli showed considerable α-helicity by far-UV CD in the presence of Ca 2þ ; further, all these artificial EF-SAM domains had an innate structural sensitivity to the absence of Ca 2þ characterized by reduced α-helicity (insets of Fig. 1 C and D and Fig. S3 A, C, and E). The Ca 2þ -loaded chimeras exhibited cooperative thermal unfolding transitions by CD, consistent with mutual unfolding of the EF-hand domains together with the SAM domain ( Fig. 1E inset and Fig. S3 B, D, and F). Similar cooperative unfolding was observed in the Ca 2þ -depleted states, albeit at considerably lower temperatures ( Fig. 1E inset and Fig. S3 B, D, and F) . Overall, a strong correlation was observed between Ca 2þ -depleted and Ca 2þ -loaded EF-SAM stability where chimeras with the lowest Ca 2þ -loaded stability also maintained a decreased stability in the Ca 2þ -depleted state (Fig. 1E ). The least stable chimera was ES211 with a Ca 2þ -depleted thermal melt exhibiting considerable scatter (Fig. 1E inset) . This super-unstable EF-SAM chimera exhibited an apparent thermal unfolding midpoint ðT m Þ ∼ 4 and ∼19°C lower than wild-type STIM1 and STIM2 EF-SAM in the Ca 2þ -depleted states, respectively. Our chimeric recombination also yielded super-stable EF-SAM with ES122 showing the greatest augmentation in Ca 2þ -depleted stability at ∼20 and 5°C higher than wild-type STIM1 and STIM2, respectively (Table S1 ).
In order to evaluate the relationship between stability and oligomerization, we evaluated the quaternary structure of the EF-SAM chimeras in vitro using gel filtration with in-line multiangle light scattering (MALS) at 4°C. The super-unstable ES211 chimera oligomerized in both the presence and absence of Ca 2þ , while the super-stable chimeras (i.e., ES122 and ES112) maintained a monomeric structure irrespective of Ca 2þ levels ( Fig. 1 C and D) . The ES121 and ES212 chimeras which demonstrated stabilities most like wild-type STIM1 and STIM2 EF-SAM, respectively, also showed gel filtration-MALS profiles akin to the wild-type ancestors ( Fig. S3 A, C, and E).
Overall, the Ca 2þ -depletion induced loss in structure and accompanying destabilization by the chimeras is consistent with the wild-type EF-SAMs; moreover, the oligomerization observed for the super-unstable ES211 and the STIM1-like chimeras along with the resistance to oligomerization by the super-stable and STIM2-like chimeras underscores the importance of stability in the oligomerization process.
Common Themes in STIM1 and STIM2 EF-SAM Structures. We implemented conventional heteronuclear solution NMR spectroscopy to determine the three-dimensional structure of STIM2 EF-SAM. Purified recombinant STIM2 EF-SAM (Thr62-Gly205) exhibited a well-dispersed 1 H-15 N heteronuclear single quantum coherence (HSQC) spectrum in the presence of Ca 2þ (Fig. S4A) . The STIM2 EF-SAM structure was resolved using 2,708 nuclear Overhauser effect (NOE)-derived distance, 203 dihedral angle (i.e., 101 × ϕ and 102 × ψ), and 45 hydrogen bond restraints (Table S2) . Ca 2þ -loaded STIM2 EF-SAM folds into a compact, highly α-helical structure with a backbone root mean square deviation (rmsd) of 0.50 AE 0.07 Å (Fig. S4B) . The EF-hand domain contains two helix-loop-helix motifs (α1-loop1-α2, α3-loop2-α4), where loop1 coordinates the Ca 2þ ion, evidenced by the downfield shifted 1 HðNÞ Gly85 at ∼10.3 ppm (Fig. S4A) and loop2 stabilizes the canonical Ca 2þ binding loop (i.e., loop1) via hydrogen-bonding [i.e., N(H) of Ile87: C(O) of Ile119]. The second, noncanonical EF-hand motif within STIM2 EF-SAM is not identifiable by sequence analyses and is structurally conserved in STIM proteins (19) . A short helix (α5) links the EF-hand pair in sequence space to the SAM domain composed of five α-helices (α6 to α10) ( Fig. 2A) . The tertiary structure of STIM2 EF-SAM forms a surface electrostatic potential that is primarily acidic at neutral pH (Fig. 2B) . The EF-hand pair contributes the majority of anionic charges to the potential map, while the SAM domain imparts considerable basic potential.
With greater than 85% sequence similarity, STIM2 EF-SAM is structurally homologous to STIM1 (i.e., backbone rmsd of 2.7 Å) (Fig. S5A) . Both the canonical and noncanonical EF-hands adopt an "open" conformation characterized by interhelical angles of >80°, facilitating the exposure of hydrophobic residues which form a concave nonpolar cleft. Each EF-hand motif and loop contributes hydrophobic residues to the formation of this cleft (i.e., canonical EF-hand: Leu72, Ile75, His76, Met79, and Phe85; noncanonical: Met100, Lys103, Lys108, Leu112, Ile119, Leu124, and Trp128) which serves as a dock (Fig. 2C) for a hydrophobic protrusion formed by the SAM domain of STIM2. The α10 helix of the STIM2 SAM domain minimally contributes Leu199 and Leu203 as hydrophobic anchors for interaction with the EF-hand domain cleft. The residue type and position of these anchors are conserved in STIM1; however, the α10 helix of the STIM2 SAM domain encodes an additional nonpolar Val201 at this end of the helix which is not conserved in STIM1 (Fig. S5B ).
STIM1 and STIM2 Exhibit Variations in EF-SAM Structures. Our present structure of STIM2 EF-SAM has illuminated some fascinating differences between the human isoforms. Most striking is the position of the STIM2 SAM domain which is rotated away from the canonical EF-hand motif such that α2 and α10 are in a primarily parallel conformation in STIM2 (i.e., ∼150°interhelical angle) compared to perpendicular in STIM1 (i.e., ∼94°) (Fig. 2 E and F) . These interdomain conformational differences which augment the stability of STIM2 EF-SAM are promoted by at least two structural factors. First, the STIM2 EF-hand pair has a more extensive nonpolar cleft with the incorporation of Lys103 and Trp128 compared to the aligned His99 and Trp124 which are directed away from the STIM1 EF-hand cleft (Fig. 2 C and D) . Secondly, Asp200 of the SAM α10 helix forms close ionic interactions with Lys103 located on the EF-hand loop between the α2 and α3 helices and Lys108 on α3 (Fig. 3A) which may pull the SAM domain away from the canonical EF-hand. In STIM1, the conserved α10 Asp (i.e., Asp196 in STIM1) and the α3 Lys (i.e., Lys104 in STIM1) also orient closely; however, the Lys103 aligns with a His99 in STIM1 that is directed away from α10 ( Fig. 3A and Fig. S5B ). Consistent with the more extensive charged interactions in STIM2, an Asp200Ala mutation decreases the EF-SAM T m by ∼8°C in STIM2 while the Asp196Ala variation in STIM1 decreases the T m by ∼5°C, resulting in similar mutant Ca 2þ -loaded stabilities (i.e., ΔT m ∼ 2°C compared to ∼5°C in the wild-type forms).
While a stronger EF-hand:SAM domain interaction due to more extensive hydrophobic and interdomain ionic interactions contribute to the increased stability of STIM2 EF-SAM compared to STIM1, it is of interest that chimeras which encode a STIM2 SAM domain are most stable (Fig. 1E ) and most resistant to Ca 2þ -depletion induced oligomerization, regardless of the chimeric combination of the EF-hand pair. Our STIM2 EF-SAM structure also reveals differences in the composition of the SAM domain cores. The STIM2 SAM domain folds into a 5-helix bundle with 12 residues of nonpolar character at least 95% inaccessible to solvent (i.e., Leu142, Leu145, Val149, Phe158, Val163, Leu168, Met179, Ile180, Leu183, His190, Lys193, and Leu194); the STIM1 SAM domain only buries 9 hydrophobic residues (i.e., Val137, Leu141, Val145, Leu159, Leu167, Met174, His186, Leu190, and Ala194). The Ile180 which is buried in the STIM2 SAM domain is not conserved in STIM1 (i.e., Gly176) (Fig. S5B) . This Ile180 is involved in a rearrangement of the core to include Phe158 and Lys193 in STIM2, whereas STIM1 excludes these conserved residues (i.e., Phe154 and Lys189) (Fig. 3 B and C) . Introducing a Phe154Ala mutation into STIM1 EF-SAM reduces the Ca 2þ -loaded T m by ∼11°C because this Phe normally packs against Val134 and Val138 of α6 (Fig. 3C) ; however, the Phe158Ala variation in STIM2 dramatically destabilizes the Ca 2þ -loaded protein causing it to oligomerize and precipitate even at low temperatures (i.e., ∼4°C). Hence, Phe158 is requisite for the global structural integrity of Ca 2þ -loaded STIM2 EF-SAM domain, while the STIM1 Phe154 plays a more local role in mediating hydrophobic contacts between the SAM α6 and α7 helices.
Stabilizing EF-SAM Domains within Full-Length STIM1 Inhibit CRAC Entry. To further define the role of EF-SAM stability as well as the other STIM structural domains in the regulation of SOCE we engineered our most destabilizing (i.e., ES211) and stabilizing chimeras (i.e., ES122) along with wild-type STIM2 EF-SAM (i.e., ES222) into full-length STIM1 for functional analyses. Monomeric cherry fluorescent protein (mCherry) N-terminally fused to STIM1, STIM1-chimeras, and STIM2 were separately transfected into HeLa cells and the total internal reflective fluorescence (TIRF) localization was assessed before and after treatment with thapsigargin (TG). At resting ER luminal Ca 2þ , mCherry-STIM1 shows a diffuse distribution; however, TGinduced ER Ca 2þ store depletion caused an extensive reorganization of STIM1 into puncta (Fig. S6) . Cells expressing mCherry-STIM2 were partitionable into TG-sensitive and -insensitive groups. The TG-sensitive group demonstrated a similar response to store depletion as STIM1 expressing cells; however, the remaining cells exhibited a persistent and Ca 2þ store-independent presence of puncta (Fig. S6) . Cells overexpressing the STIM1-ES222 chimera were responsive to TG in a similar manner as wild-type STIM1, whereas cells expressing the super-unstable chimera (i.e., STIM1-ES211) displayed a constitutive presence of puncta; further, HeLa cells expressing the super-stable chimera displayed a diffuse distribution of mCherry at resting Ca 2þ which markedly rearranged into puncta after TG treatment (Fig. S6) . Remarkably, both the STIM1-ES222 and -ES122 full-length chimeras were sensitive to ER Ca 2þ and formed morphologically similar puncta as wild-type STIM1.
We used electrophysiological measurements of CRAC current-density to examine the kinetics of channel activation in patch clamped HEK-293 cells cooverexpressing Orai1 and the mCherry-STIM proteins. After break-in with a pipette containing 20 mM EGTA (i.e., passive store depletion), STIM1 expressing cells showed an initial delay of ∼50 s followed by an inward developing current to a maximum of ∼8 pA∕pF; further, the time to the maximal current after the initial delay was ∼100 s (Fig. 4A) . Consistent with the TIRF observations, 7 of 11 STIM2-expressing cells demonstrated store-independent and maximal inward currents beginning at −8 pA∕pF with no delay, while the remaining 4 of 11 cells were sensitive to Ca 2þ store depletion as an inward developing current was observed with no delay and a time to maximal activation of ∼100 s (Fig. 4B) . The STIM1-ES211 superunstable expressing cells exhibited a maximal, constitutive inward rectifying current (i.e., ∼8 pA∕pF) with no delay or further development implying the PM Ca 2þ channels were in an open state, independent of ER Ca 2þ levels (Fig. 4C) . Cells expressing STIM1-ES222 displayed store-independent (i.e., 5 of 14 cells) or store-dependent (i.e., 9 of 14 cells) CRAC currents. The storedependent currents exhibited a lag or delay from the time of break-in followed by the development of inward currents to a maximum inward density of ∼ − 7 pA∕pF (Fig. 4D) . The superstable STIM1-ES122 chimera produced profiles which also exhibited a delay in activation; this delay was not different from wild-type STIM1; however, the time to maximal inward currentdensity after the delay was significantly longer than cells overexpressing wild-type STIM1 or STIM2 constructs (Fig. 4 E and F) . The relatively small, basal outward currents did not change during CRAC measurements, and all inward rectifying currents were completely inhibited by the addition of La 3þ to the external medium confirming a CRAC channel-dependent entry pathway. Overall, the electrophysiological data confirm that destabilization of EF-SAM activates CRAC entry, while stabilization of this domain prolongs the time to maximal activation.
Discussion
In recent years, significant progress has been made in understanding protein folding coupled to target binding for a range of biological functions (32) . We have previously suggested that STIM activation involves protein unfolding and homooligomerization, triggered by Ca 2þ depletion of the EF-hand. Here, we have elucidated a basis for the distinct functional properties between STIM1 and STIM2 by defining the individual roles of the EF-hand and SAM domains in structural stability and oligomerization. While STIM1 and STIM2 possess distinct Ca 2þ sensitivities (23) and cellular distribution (27) , each motif within EF-SAM is remarkably interchangeable in chimeric combinations and some are even fully functional when engineered into fulllength STIM1. The Ca 2þ -binding induced stabilization of EF-hands is a well conserved feature of these common protein domains. For example, the isolated C-and N-terminal EF-hand domains of Troponin C (TnC), each undergo considerable stabilization upon Ca 2þ -binding (33) . Despite the high sequence and structural homology to STIM1, the STIM2 EF-hand binds Ca 2þ with lower apparent affinity than the STIM1 counterpart (Fig. S2) (23) ; how- ever, STIM2 EF-SAM is considerably more stable than STIM1. Analogous to our STIM observations, the C-terminal EF-hand domain of TnC has a lower stability than the N-terminal domain, despite a higher Ca 2þ affinity; further, the elevated affinity is attributable to the greater degree of folding (i.e., larger energetic barrier to Ca 2þ -induced unfolding) which occurs upon Ca 2þ binding compared to the N-terminal domain (33) . A similar phenomenon occurs in the STIM proteins, where the more stable apo EF-SAM and lesser Ca 2þ -induced folding of the STIM2 EF-hand contributes to a lower affinity. The combined lower Ca 2þ affinity and higher stability has important regulatory consequences (see below).
The specific EF-hand domain translated in STIM proteins not only dictates the Ca 2þ affinity, but also provides a mechanism for the autoinhibition of SAM oligomerization via an intramolecular association. Our present STIM2 EF-SAM structure reveals differences in this interaction for the human isoforms, revealing that the STIM2 EF-hand:SAM interaction is stabilized relative to STIM1 via increased cleft hydrophobicity, nonpolar residue packing within the SAM core, and interdomain ionic interactions; further, these structural factors contribute to the diminished oligomerization propensity for STIM2 EF-SAM compared to STIM1 (28) . Although SAMs can exist as stable monomers, homooligomerization can occur through the N-and C-terminal helices or the so-called midloop (i.e., centrally located within SAM) and end-helix regions (i.e., C-terminally located within SAM) (34), structural features conserved in STIM proteins. However, the autoinhibition of SAM oligomerization via an intramolecular EF-hand association, as elucidated for STIMs, is unique among SAM domains.
Our in vitro chimera data suggest that the SAM domain is a key determinant of EF-SAM oligomerization propensity, where fusions expressing the STIM2 SAM show the highest stability and lowest oligomerization tendency, while those harboring the STIM1 SAM demonstrate the greatest oligomerization tendency. The least stable chimera, ES211 is constitutively oligomerized in vitro. Replacing wild-type STIM1 EF-SAM with this superunstable chimera within the full-length context causes the STIM molecule to spontaneously oligomerize and activate CRAC channels independent of ER Ca 2þ levels (Fig. 4C) . On the other hand, the super-stable ES122 chimera is resistant to oligomerization, irrespective of Ca 2þ at low temperature (i.e., ∼4°C), and recombination within full-length STIM1 results in a significantly extended time to maximal activation of CRAC currents after ER Ca 2þ store depletion (Fig. 4 E and F) . Within our EF-SAM stability map (Fig. 1E) , wild-type STIM1 and STIM2 position themselves in metastable states suggesting evolution selected for functionally optimized rather than stability maximized proteins.
The structural identity of the Ca 2þ -binding EF-hand also has a notable affect on the activation of SOCE, as engineering wildtype STIM2 EF-SAM (i.e., ES222) into the full-length STIM1 context and cooverexpression with Orai1 results in store-independent and store-dependent CRAC currents, similar to full-length STIM2. The partitionable groups are due to a greater sensitivity of the STIM2 canonical EF-hand to small fluctuations in basal ER Ca 2þ levels (i.e., due to lower Ca 2þ affinity). However, while the Ca 2þ store-dependent fraction of wild-type STIM2 expressing cells exhibit no delay in the development of CRAC currents, the ES222 chimeric group demonstrates a visible delay (Fig. 4 B  and D) . The separable groups are only observed for ES222 when cooverexpressed with Orai1. These differences underscore the vital contributions of the local relative concentration levels and the structural identities of all CRAC channel signaling components, including other domains within STIM (13, 31) and Orai1, in mediating SOCE.
In conclusion, we propose that STIM proteins have evolved metastable EF-SAM domains as the molecular machinery that first responds to changes in ER Ca 2þ levels. Ca 2þ -depletion induced destabilization of the EF-hand:SAM interaction induces partial unfolding-coupled oligomerization of this region (28) , the initiation event in CRAC channel activation (18, 19, 21) . Our present data show that EF-SAM within STIM1 and STIM2 differentially regulate CRAC channels through a divergent balance between EF-hand Ca 2þ affinity and SAM domain stability (Fig. S7) , in addition to the integrity of the EF-hand:SAM interaction. STIM1 is an effective agonist-induced CRAC channel activator via a high Ca 2þ affinity and low SAM stability, making it less responsive to small variations in ER Ca 2þ , but highly reactive when Ca 2þ depleted. STIM2 is more sensitive to small changes in ER Ca 2þ for basal Ca 2þ homeostasis (23), but also capable of responding to agonist-induced Ca 2þ depletion (25) . Weakly structured or disordered regions within proteins have important roles in cell signaling (32) . The divergence in EF-SAM stability has implications in CRAC channel regulation: the instability of the STIM1 SAM domain and weakly structured apo EF-SAM, enhances the rate of association, perhaps via a larger radius of interaction (32, 35) , while the more stable STIM2 SAM and more compact STIM2 EF-SAM attenuates homooligomerization, increasing the time to maximal CRAC channel activation.
Methods
Engineering of Chimeric Fusions. Multiple rounds of polymerase chain reaction (PCR) were used to generate chimeric EF-SAM inserts, cloned into pET-28a using NheI and XhoI sites. Full-length mCherry-STIM proteins were in pCMV6-XL5. EF-SAM proteins were expressed in E. coli and purified as previously described (5, 29) . Further details are in the SI Text. Far-UV-CD and Gel Filtration-MALS. CD data were acquired on a Jasco J-815 CD spectrometer (Jasco, Inc.) collected in 1 nm increments (20 nm∕ min) using a 0.01 or 0.1 cm path length cuvette, 8 s averaging time, and 1 nm bandwidth at 20°C. Spectra were corrected for buffer contributions. Gel filtration was performed with Superdex S200 10∕300 GL columns at 4°C. MALS measurements were performed in-line with the gel filtration using a miniDawn light and an Optilab rEX differential refractometer (Wyatt Technologies, Inc.). Molecular weight was calculated using the ASTRA software (Wyatt Technologies, Inc.) based on Zimm plot analysis and using a protein refractive index increment, dndc −1 ¼ 0.185 L g −1 .
Solution NMR. The EF-SAM structure was determined as previously described (19) . Data was collected on 500 and 600 MHz Inova (Varian, Inc.) or 800 MHz Avance (Bruker Biospin Ltd.) spectrometers equipped with triple resonance cryoprobes. Chemical shifts were assigned using XEASY after data processing with NMRPipe. CYANA was used for automated structure calculation based on >87% complete chemical shift assignments and 15 N-edited and 13 C-edited NOESY peak lists. Water refinement of structures was performed using the RECOORD scripts in CNS. Further details are in the SI Text.
Mammalian Cell Culture and Transfection. Cells were cultured on 35 mm (No 0) glass bottom plates (MarTek Corp.) in Dulbecco's modified Eagle's medium (HyClone Thermo Fisher Scientific, Inc.) supplemented with 5-10% vol∕vol fetal bovine serum (Gibco, Inc.), 100 U mL −1 penicillin, and 100 μg mL −1 streptomycin (Sigma-Aldrich Co.) to 50-80% confluence. Transfection was performed with Lipofectamine LTX (Invitrogen, Inc.) or Transfectin (Biorad, Inc.).
Fluorescence Microscopy. Fluorescence images were acquired on an Olympus IX70 (Olympus, Inc.) microscope with a 60× oil-immersion TIRF objective (N.A. 1.45) (Olympus, Inc.), illuminated by a 543.5 nm HeNe laser (05-LGP-193; 5 mW) (Melles Griot Laser Group) for mCherry. Excitation light was reflected by a 485-555-650TBDR dichroic and emitted light was passed through a 515-600-730TBEM filter (Omega Optical, Inc.). Images were digitized with a cooled Evolution QEi CCD camera (Media Cybernetics, Inc.).
CRAC Current Recordings. Whole cell patch clamp experiments were performed at ambient temperature (i.e., ∼21-25°C). Voltage ramps were applied every 5 s from a holding potential of 0 mV, covering a range of −90 to 90 mV over 1 s. The internal pipette solution contained (in mM): 145 Cs methane sulphonate, 8 NaCl, 3.5 MgCl 2 ,10 Hepes, 20 EGTA, pH 7.2 and the extracellular solution contained (in mM): 145 NaCl, 5 CsCl, 1 MgCl 2 , 10 Hepes, 10 glucose, 10 CaCl 2 , pH 7.4. Applied potentials were corrected for a liquid junction of þ12 mV resulting from a Cl − based bath solution and a sulphonate based pipette solution. All currents were leak-subtracted using 10 μM La 3þ .
